Turbulent jet ignition is a pre-chamber ignition system for an otherwise standard gasoline spark ignition engine. Turbulent jet ignition works by injecting chemical active turbulent jets to initiate combustion in a premixed fuel/air mixture. The main advantage of turbulent jet ignition is its ability to ignite and burn completely very lean fuel/air mixtures in the main chamber charge. This occurs with a very fast burn rate due to the widely distributed ignition sites that consume the main charge rapidly. Rapid combustion of lean mixtures leads to lower exhaust emissions due to more complete combustion at lower combustion temperature. The purpose of the paper is to study the combustion characteristics of gasoline, ethanol, and wet ethanol when operated with the pre-chamber combustion system and the ability of the prechamber ignition to extend the lean-burn limits of such fuels. The combustion and heat release process was analyzed and exhaust emissions measured. Results show that the effect of turbulent jet ignition system on the lean-burn limit and exhaust emissions varied with fuels. The lean limit was extended by using fueled pre-chamber furthest, to l = 1.71 with gasoline, followed by l = 1.77 with wet ethanol and l = 1.9 with ethanol. NOx emissions were significantly reduced with increased lambda for each fuel under stable combustion conditions. For ethanol, at maximum lean limit lambda 1.9, the NOx emissions were almost negligible due to lower combustion temperature.
Introduction
There is a great deal of interest in lean burn engine technologies. [1] [2] [3] Lean burn engine operation with excess air improves the indicated thermal efficiency because of the higher specific heat ratio and reduced heat loss of lower combustion temperature. Moreover, lean burn combustion at part load operation is able to reduce the pumping losses that helps to improve the brake thermal efficiency and reduce fuel consumption. However, running an engine with a very lean fuel air mixture can be hampered by poor ignition, and unstable and incomplete combustion. To overcome all these difficulties, pre-chamber has been researched and developed to operate the spark ignition engine with very fuel lean mixture by producing high temperature combustion jets from the pre-chamber to ignite the fuel lean mixture in the main chamber. [4] [5] [6] [7] [8] [9] The pre-chamber technology was first proposed and tested by Sir Harry Ricardo in a two-stroke engine in the beginning of the early 1900s, 10 in which a pre-chamber (known and patented as turbulent head) was designed and optimized to increase the combustion process in the main chamber of a side-valve engine. Another significant early example is the torch cell engine with a pre-chamber with an auxiliary intake valve. 11 Unlike the pre-chamber design with a single throat to the main chamber, the turbulent jet ignition system 1 Mechanical Engineering, College of Engineering, Design and Physical Sciences, Brunel University London, Uxbridge, UK 2 works by injecting a partially quenched combusting mixture with active radicals as high turbulent jets through a number of small orifices to ignite the lean fuel mixtures in the main chamber. Jet igniters contain much smaller orifice(s) connecting the main chamber and pre-chamber combustion cavities. The smaller orifice/orifices creates the high temperature jets that penetrate deeper into the main charge. In 1950s, the jet ignition system was proposed by Nikolai 12 and evolved by Gussak to use a small pre-chamber size. 13 Table 1 summarized the development in jet ignition system over the years.
In this research, a Turbulent Jet Ignition (TJI) unit was used that was provided by Mahle Powertrain, which features a much smaller pre-chamber than the previous pre-chamber designs ( \ 5% of main chamber volume at top dead center (TDC)) to reduce the heat loss. Furthermore, small pre-chamber surface emits fewer hydrocarbon (HC) emissions due to the reduced crevice volume and combustion surface area. Figures 1 and 2 display computer design images of the prechamber installed in the optical engine. By using small orifice diameter, it helps to quench the injected flame from pre-chamber to main chamber. Besides that, the quenching flame enters the main chamber with high turbulent that allows jets to go deeper into the main charge and to fully burn main chamber charge. Also, turbulent jet flows ensures the interaction between radicals and main chamber charge. Both chambers can be fueled with two separate fuel systems. The main chamber was fueled by a port fuel injector and the prechamber by a slim direct injector. The benefit of fueling pre-chamber with direct injector is to allow precise and de-coupled control over the mixture in both chambers. Multi-orifices give more combustion sites in the main chamber. Further review of the TJI pre-chamber design can be found in the literature. [24] [25] [26] Previous works about the effect of jet ignition system in combustion engines mainly concentrated on engine performance and engine exhaust out emissions. There are limited publications presenting detailed optical results on the in-cylinder flame propagation mechanisms of biofuels such as ethanol and wet ethanol by using the jet ignition system. Ethanol and wet ethanol offer a good option to suppress knocking because of their higher RON and MON. Besides, their higher latent heat of vaporization reduce the charge temperature, especially in direct-injection engines.
The purpose of the paper is to study the combustion characteristics of gasoline, ethanol, and wet ethanol when operated with the pre-chamber combustion system and the ability of the pre-chamber ignition to extend the lean-burn limits of such fuels. In addition to gain further understanding of the jet formation and their effect on the combustion in the main chamber through in-cylinder high-speed imaging, the current work aims to study the combustion characteristics of anhydrous ethanol and wet ethanol under different airfuel ratios by using jet ignition system. Differences in engine performance, heat release and combustion, and flame propagation are compared and benchmarked with results of conventional gasoline, by simultaneous in-cylinder pressure measurements and high-speed flame natural light imaging.
Experimental setup
During this research, a customized single cylinder optical engine was used with its cylinder head modified for the TJI installation. The bottom-end of the engine is based on a commercial Lister Petter TS1 with a modified flat piston crown. Both intake and exhaust valves are located on the sides so that a full view of the combustion chamber can be realized by the installation of an optical window at the top. As shown in Figure 3 , in order to fit the TJI unit, the cylinder head was modified by splitting the top of the cylinder head into two parts. The TJI unit was installed in one side and a half circular window on the other side for the optical access from the top. In addition, two optical windows flush mounted at the top of the cylinder block can be used to gain the optical access from the side. The quartz windows are designed to withstand peak in-cylinder pressure up to 150 bar. The basic geometry of the engine is provided in Table 2 . The engine has two inlet and one exhaust valves. To maintain realistic valve durations and overlap, the side mounted poppet valves are recessed into special cylindrical pockets within the chamber side walls.
The ignition system in the main chamber comprises of an NGK ER9EH 8-mm spark plug and a Bosch P100T ignition coil. The engine is coupled to a 10 kW DC motor dynamometer via a flexible coupling. The fuel in the main chamber is supplied from a 5.0 L fuel tank at 3 bar gauge pressure and injected into the intake port by a Bosch EV6 Port fuel injector installed in front of the intake valve. A filter was fitted between the fuel tank and the pump to remove the majority of particles from fuel. The in-cylinder pressure was measured by an AVL piezoelectric pressure transducer (GH14DK) and charge amplifier and its output was recorded and digitized by a high-speed USB type LabVIEW data-logging card (DAQ) at four samples per crank angle degree via a digital shaft encoder that is connected to the intake camshaft. To determine the overall air-fuel ratio, a Bosch LSU 4.2 UEGO sensor (Universal Exhaust Gas Oxygen sensor) was fitted to the exhaust pipe. The UEGO sensor was connected to an ETAS LA4 lambda meter. The intake plenum absolute pressure was recorded by a Gems 1200 series CVD sensor. The intake and exhaust temperatures were measured by k-type thermocouples which were fitted downstream of the inlet air heater and in the exhaust ports, respectively. The heat release analysis was performed by using an in-house MATLAB program on the averaged cylinder pressure over 300 cycles, recorded in discrete 100 cycle batches. The ignition system for TJI comprises an NGK ER9EH 8-mm spark plug and Bosch P100T ignition coil. Fuel injection into the prechamber is achieved by a small direct injector at 70 bar from a high pressure air driven diaphragm pump.
Combustion images were captured through the top window via a 45°mirror by a MEMRECAM fx6000 high-speed video camera at 6000 frames per second (fps) with a resolution of 512 3 384 pixels, as shown in Figure 4 . The start of camera imaging was triggered by the spark ignition signal. At constant test speed of 1200 r/min, the imaging interval can be calculated to be 1.2 CAD. According to the ignition timing and the sampling interval, the image timing sequences can be known and linked to the in-cylinder pressure data. The gamma and gain of the camera were adjusted for each test to improve the clarity of the images. Table 3 summarizes the properties of the fuels tested. The differences in fuel properties affect the fuel burning and combustion process. For instance, because of their higher research octane number, anhydrous ethanol and wet ethanol are less prone to knocking combustion than gasoline. Wet ethanol (5% water) shows the ability to resist the knocking combustion than anhydrous ethanol gasoline blends. 26 In addition, their higher latent heat of vaporization reduces the charge temperature, especially in direct-injection engines. However, the lower caloric value of ethanol in volume is only around 72% compared to gasoline. Under fixed engine speed and load condition, around 1.61 times more volumetric ethanol is required due to its relative low stoichiometric ratio. Combining the above two aspects, totally 1.16 times greater volumetric energy is contained when stoichiometric ethanol-air mixture is utilized. To produce a stable combustion in the pre-chamber for the subsequent jet ignition of lean or diluted mixture in the main chamber, a slightly rich or stoichiometric mixture is prepared in the pre-chamber.
Among this research, the combustion engine was connected to Horiba MEXA-584L automotive emission analyzer that is able to measure CO, HC, and NOx emissions. Before sampled emissions results, the Horiba MEXA-584L automotive emission analyzer was calibrated so that it complies with international slandered ISO 3930/OIML R99 (2000) class 0. The output of HC provided by the gas analyzer was on a Carbon 6 (C6) basis, where, the HC results were converted to C1.
Experimental test conditions
All experiments were carried out at 1200 r/min and wide-open-throttle (WOT) with gasoline, and anhydrous and wet ethanol. Table 4 shows the test conditions for all experiments. For each fuel, the following three combustion modes were studied: (1) conventional spark ignition combustion without the pre-chamber, (2) spark ignition in the pre-chamber without additional fuel injection in the pre-chamber, and (3) spark ignition in the pre-chamber with additional fuel injection. For each combustion mode, after warming up the engine, the spark timing was adjusted to find the maximum brake torque (MBT) at lambda 1. Then, the fuel amount was reduced and MBT spark timing found until the maximum lean burn limit defined by COV IMEP 4 5%. The fuel injection in the pre-chamber was set at 50°CA before the spark discharge to allow for the mixture formation taking place.
The pre-chamber injection fuel was set to 0.3, 0.5, and 0.5 mg/pulse for gasoline, ethanol, and wet ethanol, respectively, to achieve stable combustion of the leanest air-fuel mixture in the main chamber as measured by the highest overall lambda. The pre-chamber air mass was calculated based on mean gas temperature. The incylinder temperature, pressure, and composition are effectively modeled as homogeneous at each instant of time. The gas medium is assumed to obey the perfect gas law. Then the lambda values of pre-chamber mixture were estimated to be 0.78, 0.9, and 1 for gasoline, ethanol, and wet ethanol, respectively. It is noted that the thermodynamic state within the pre-chamber at the time of injection was about 5 bar and 550 K. The prechamber volume is 1 cm 3 which is only 1.27% of the main chamber volume at TDC.
Results and discussions
Effect of fuel on IMEP and the lean-burn limit Figure 6 shows the maximum lean-burn limit for each of the combustion modes of gasoline, ethanol, and wet ethanol. The normal spark-ignition combustion mode started with lambda 1 and spark ignition in the main chamber at the MBT spark timing. Then, the amount of fuel was decreased until the lean-burn limit was reached with spark ignition in the main chamber. It can be seen that the engine was able to operate with the highest lambda with ethanol fuel using spark ignition in the main chamber. This is caused by the relatively faster burning rates of ethanol. 28 As shown in Figure 5 , the maximum relative air-fuel ratio or lambda was extended slightly for all three fuels when the spark ignition took place in the pre-chamber without pre-chamber fuel injection. This can be explained by the multiple ignition sites by the high temperature turbulent jets from the pre-chamber after the ignition in the pre-chamber.
The most significant extension to the lean-burn limit was achieved by the addition of fuel injection in the pre-chamber. As it will be shown later by the heat release analysis and combustion images, the ignition of the near stoichiometric mixture in the pre-chamber resulted in much faster combustion of the mixture in the main chamber as a result of multiple ignition sites by the highly active gas jets emanating from the prechamber nozzle holes. These jets of radicals enter the main chamber with high turbulent and temperature to ignite the main chamber charge at multiple sites and subsequent multiple flames in the chamber. Figure 6 illustrates the variation in IMEP with different fuels and lambda at 1200 r/min and inlet pressure 1 bar with fuel injection in the pre-chamber. The IMEPnet values shown in the figure are related to maximum lambda that pre-chamber could achieve with stable combustion where the corresponding net IMEP recorded at the MBT spark timing of each fuel. The IMEP values decreased with increasing lambda as less fuel was injected. However, IMEP values of all three fuels are similar and IMEP of ethanol was slightly higher followed by wet ethanol and gasoline. These results based on the difference in the energy input of each fuel. As mentioned above, in case of constant volumetric air flow rate, the input energy contained in a stoichiometric mixture of 1 kg of intake air and fuel are 2.92, 3, and 3 MJ for gasoline, ethanol, and wet ethanol, respectively. The gasoline engine operation was conducted and limited to lambda of 1.7. As the lambda exceeded than the lean limit 1.7, more and more cycles became misfiring and partial burn, as indicated by the high COV of IMEP of more than 5% in Figure 7 . From the figure, it can be seen that ethanol shows more stable combustion and extends the lean limit to l = 1.9 followed by wet ethanol with lambda at 1.77.
Comparison of exhaust emissions
As Figure 8 shows, the NOx emission was reduced with increased lambda due to lower combustion temperature. Gasoline combustion produced the highest NO emission followed by the wet ethanol and then ethanol. This can be explained by the advanced spark timing and higher peak cylinder pressure and temperature results shown in Figures 11 and 13 . The latent heat of vaporization of ethanol can also contribute to their lower NOx emission. For ethanol, the NOx emissions became extremely low at the lean limit lambda 1.9 as the maximum combustion temperature dropped below 1800 K. Temperature here refers to the in-cylinder mean gas temperature, which was calculated based on a standard single-zone model according to the measured pressure. Figure 9 shows the HC emissions result for gasoline, ethanol, and wet ethanol at MBT spark timing, inlet pressure 1 bar, and 1200 r/min. Mechanisms of HC changes were thought to be correlated to the in-cylinder combustion temperature and the combustion efficiency. When lambda was increased, lean combustion resulted in lower engine load and thereby lower in-cylinder temperature, which lead to increase of HC emissions at lean condition. On the contrary, lean combustion tend to cause unstable combustion and generate more HC emissions, which can be indicated by the COV of IMEP under lean condition. Evidence of IMEP and COV can be found in Figures 6 and 7 , respectively. Ethanol shows the lower level of HC emissions due to its faster flame speed and shorter combustion duration shown in Figures 11 and 12 . Combustion was faster and that leads to reduce the HC emissions. Due to the lean Figure 9 . Effect of air-fuel ratio for each fuel on HC emissions at inlet pressures 1 bar, 1200 r/min maximum lean, and MBT spark timing with fuel pre-chamber. combustion is running with excess air, the CO emissions are very low (Figure 10 ). The CO emission results follow the similar trend as the HC emissions for the same reasons. Figures 11 and 12 show the initial heat release process and main combustion duration expressed as the mass fraction burned (MFB) 0-10% (0-10°CA) and crank angle 10-90% (10-90°CA), respectively. It can be seen that both the initial heat release process and main combustion duration increased with leaner mixture and ethanol burned at a faster rate with retarded MBT timings. The difference in the MBT timing became greater with increased lambda. Figure 13 plotted the in-cylinder pressures traces and the corresponding heat release rates of each fuel operating at different air-fuel ratios. Without auxiliary fuel injection into pre-chamber, peak cylinder pressure of main chamber consistently declined when lambda increases from 1.2 to 1.6. When the auxiliary fuel was injected into pre-chamber to reach the maximum lean condition, cylinder pressure slightly increased despite a leaner mixture was used in the main chamber. As indicated by the heat release rate curves, the start of combustion was advanced and the initial development was promoted when auxiliary fuel was provided into the pre-chamber (Table 5) .
Comparison of the combustion and heat release processes

Imaging results
As previously mentioned, a high-speed video camera was used to capture the flame propagation process through the half circle window at 6000 fps, producing a temporal resolution of 1.2°CA between adjacent frames. All the images were taken with lambda fixed at 1.3 and spark timing at 22°CA bTDC. Figure 14 shows typical flame propagation images at different crank angles of gasoline, ethanol, and wet ethanol. It was noticed that the enflamed area for ethanol is bigger than wet ethanol and gasoline at the same crank angle timing.
The flame images were then converted into binary images to calculate the flame radius, flame speed, and shape factor, as shown in Figure 15 . Mean flame radius and flame speed of each fuel are shown in Figures 16 and 17 , respectively. The flame radius is calculated based on the measured flame area of the binary flame images averaged over 30 cycles. It can be seen that ethanol flame expands at the highest speed followed by wet ethanol and gasoline, consistent with the heat release results. For instance, at 10.8°CA aTDC, the speed of flame was measured to be 57.28, 52.20, and 35.98 m/s for ethanol, wet ethanol, and gasoline, respectively. Please note that half of the optical window has to be blocked in order to mount the pre-chamber ignition system. Therefore, the ignition near the pre-chamber tip and the initial flame development couldn't be visualized. In this case, the image sequences started at the middle of the flame propagation and the flame speed continuously decreased at the end of combustion. The pre-chamber injection fuel (mg/pulse) 0.3 0.5 0.5 Figure 14 . Images of flame propagation of different fuels at lambda 1.3 and spark timing 22°CA bTDC.
Summary
Engine experiments were carried out to study the effect of turbulent jet ignition from a small pre-chamber in a single cylinder optical engine fueled with gasoline, anhydrous ethanol, and wet ethanol. The presence of multiple high temperature turbulent gas jets significantly extended the lean-burn limits of all three fuels as well as shortening the combustion duration with retarded MBT spark timing. The most extended leanburn operation was achieved with ethanol at a lambda of 1.9. In addition, ethanol and wet ethanol produced higher IMEP because of their faster combustion and heat release process, as shown by the initial heat release and main combustion duration, CA0-CA10 and CA10-CA90 results. Even with 10% water, the wet ethanol could still burn faster and produce better engine performance than gasoline. The extended lean-burn limits by the turbulent jet ignition also led to significant reduction in NO emissions. When operated at lambda 1.9, little NOx emission was produced from the ethanol fuel. In general, both anhydrous and wet ethanol fuels produced lower NO, HC, and CO emissions than gasoline as the combustion temperature was lowered and combustion became more stable and complete than those of gasoline combustion.
The high-speed combustion natural light imaging provided the direct evidence of the multiple combustion sites in the main chamber as a result of the high temperature turbulent ignition jets and illustrated that ethanol had the fastest flame speed followed by wet ethanol and gasoline. 28, 29 Acknowledgements Acknowledgments are due to Mahle Powertrain that supported this project.
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